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FIN-BASED DOUBLE POLY 
DYNAMIC THRESHOLD CMOS 
FET WITH SPACER GATE AND 

METHOD OF FABRICATION 

Background of the Invention 

[0001] The present invention relates generally to the field of semiconductor manufacturing and, 
more specifically, to a dynamic threshold (DT) complementary metal oxide semiconductor 
(CMOS) field effect transistor (FET) device and method for forming same. 

[0002] The need to remain cost and performance competitive in the production of semiconductor 
devices has caused continually increasing device density in integrated circuits. To facilitate the 
increase in device density, new technologies are constantly needed to allow the feature size of 
these semiconductor devices to be reduced. High device density also requires low-power 
operation. 

[0003] The push for ever increasing device densities is particularly strong in CMOS technologies, 
such as in the design and fabrication of field effect transistors. FETs are used in almost all 
types of integrated circuit design (i.e., microprocessors, memory, etc.). Unfortunately, 
increased device density in CMOS FETs can result in degradation of performance and/or 
reliability. 

[0004] Qne of pET that has been proposec | t0 facilitate increased device density is a dynamic 
threshold CMOS field effect transistor. Dynamic thresholding is achieved by electrically 
connecting the gate to the body, so that the body voltage moves with the gate voltage, 
lowering the threshold voltage when a signal is present. Dynamic thresholding provides faster 
response time and lower power consumption for the FET. Threshold voltage (Vt) is high in the 
off-state, limiting power leakage, and low in the on-state, limiting power requirements. CMOS 
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generally uses less power than ordinary MOS. Dynamic threshold CMOS uses less power than 
standard CMOS. 

[0005] Unfortunately, several difficulties arise in the design and fabrication of DT CMOS FETs. 
First, the connection between the gate and the body contact in prior art DT CMOS FETs is 
inevitably a long, high-resistance path. That high resistance degrades the response time of the 
circuit. Second, the body-to-source/drain capacitance in existing DT CMOS FETs limits the 
speed of the circuit. Neither result is desirable in CMOS applications. Unfortunately, these two 
practical limitations counterbalance the response time increase otherwise available from 
dynamic threshold CMOS. 

[0006] Thus, there is a need for improved device structures and methods of fabrications of DT 
CMOS devices that provide dynamic threshold operation without paying the performance cost 
of high resistance gate-body contact and high body-to-source/drain capacitance. Only then 
can the full potential of DT CMOS be realized. 

Brief Summary of the Invention 

[0007] In a first aspect the invention comprises a method for forming a transistor, the method 
comprising the steps of a) providing a semiconductor substrate; b) patterning the 
semiconductor substrate to provide a first body edge; c) providing a gate structure adjacent 
the first body edge; d) patterning the semiconductor substrate to provide a second body edge, 
the first and second body edges of the semiconductor substrate defining a transistor body; e) 
providing a body contact structure adjacent the second body edge aligned to the gate 
structure; and f) providing an electrically connective bridge between the gate structure and the 
body contact structure over the transistor body. 

[0008] In a second aspect, the invention comprises A transistor comprising: a) a transistor body 
formed on a substrate, the transistor body having a first vertical edge and a second vertical 
edge; b) a gate structure adjacent the transistor body first vertical edge; c) a body contact 
structure adjacent the transistor body second vertical edge and aligned with the gate; d) a 
bridge over the body, the gate, and the body contact, electrically connecting the gate and the 
body contact; and e) source and drain regions in the body on opposite ends of the body. 

[0009] Accordingly, the present invention provides a fin-based dynamic threshold (DT) 

complimentary metal oxide semiconductor (CMOS) field effect transistor (FET) and methods for 
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forming same that results in improved device performance and density. The method and 
apparatus applies to both nFETs and pFETs. 

[001 0] The foregoing and other advantages and features of the invention will be apparent from 
the following more particular description of a preferred embodiment of the invention, as 
illustrated in the accompanying drawings. 

Brief Description of the Several Views of the Drawings 

[001 1] The preferred exemplary embodiment of the present invention will hereinafter be 

in conjunction with the appended drawings, where like designations denote like elements, and 

[001 2] FIG. 1 is a process flow chart showing the exemplary steps of fabrication of a DT CMOS 
FET; and 

[001 3] FIGS. 2-16 are views of an exemplary DT CMOS FET during the steps of fabrication. 

Detailed Description of the Invention 

[0014] Accordingly, the present invention provides a dynamic threshold (DT) complimentary metal 
oxide semiconductor (CMOS) field-effect transistor (FET) and a method for forming the same 
that results in improved device performance and density. The preferred embodiment of the 
present invention provides a DT CMOS FET on a semiconductor body with a gate on a first long 
side, a body contact an the opposite long side, and a bridge over the body electrically 
connecting the gate and the body contact. The gate and body contact are located between the 
source and drain portions of the FET. The source and drain are formed by ion implantation 
doping when the body is exposed. 

[001 5] ^ pre f errec | embodiment of the present invention is implemented using a fin structure. 
Fin-based DT CMOS FETs feature a long, thin semiconductor body vertically disposed on a 
substrate. Vertical orientation of the fin reduces the planar area occupied by the DT CMOS FET 
on the chip. On this fin structure, the insulated gate is formed on one long side of the body, 
and the body contact is located on the opposite long side of the body, with the transistor body 
being disposed horizontally between the gate and the body contact. The gate and the body 
contact are electrically connected by a bridge over the body. Because the body is thin between 
the gate and the body contact, the bridge provides a short, low resistance path. The thin fin 
body also reduces body-to-source/drain capacitance. The ends of the fin, outside of the 
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region of the gate and body contact, are appropriately doped to provide source and drain 
regions. The preferred method for forming these DT CMOS FETs allows the gate length of the 
device to have minimum feature size, while allowing the thickness of the body to be much 
smaller than the gate length (preferably less than one-third of the gate length). The preferred 
method for forming the DT CMOS FET is accomplished by using an image enhancement 
technique, sidewall image transfer, to define the thickness of the transistor body, allowing it to 
be reliably formed at sub minimum feature size. 

[0016] Turning now to FIG. 1, the steps of the method for forming an exemplary DTCMOS FET in 
accordance with the preferred embodiment are illustrated. The method forms a DT CMOS FET 
in a way that improves the response time of the transistor, while maintaining fabrication 
reliability and simplicity. 

[001 7] The first step 1 01 is to provide, as illustrated by example in FIG. 2, an appropriate wafer 
200, 204, and 202, deposit etch stop layers 206 and 208, and deposit a mandrel layer 21 2. In 
the preferred embodiment, the wafer used comprises a silicon 202 on insulator 204 (SOI) 
wafer. As such, the wafer comprises a substrate 200 beneath a bottom oxide layer 204 
beneath a single crystal silicon layer 202. The bottom oxide 204 and single crystal silicon layer 
202 together form the SOi layer. As will become clear, the single crystal silicon layer 202 is 
used to form the fin body of the DT CMOS FET. 

[001 8] With a SOI wafer provided, an etch stop layer is deposited, comprising an oxide layer 206 
on the silicon layer 202 and silicon nitride 208 on top of that oxide layer 206. The etch stop 
layer will be used for etch stopping and creating an insulator on the top of the fin in the final 
product. A mandrel layer 212 is then formed on the nitride 208, preferably comprising silicon 
dioxide. This mandrel layer 21 2 will be used in the fabrication process as a block mask for 
defining a first edge to the fin and for supporting a sidewall spacer used in sidewall image 
transfer. 

[0019] In step 102, referring to the example in FIG 3, an unmasked portion of the silicon dioxide 
mandrel layer 212 is vertically etched to the etch stop layer 208. Maintaining the etch stop 
layer is important because etch stop layer 206 will later become the insulator between the 
bridge and the body of the transistor. The thickness of the silicon dioxide layer 212 should be 
greater than the desired width of the spacer 301 to be formed in the next step, in order to 
make the width of spacer 301 insensitive to the thickness of layer 212. 



App_ID=09683486 



Page 4 of 32 



[0020] Next, a silicon nitride sidewall spacer 301 is formed on the side of the silicon dioxide layer 
212 using the method well known in the art of conformally coating the sidewall area with 
silicon nitride (not shown) and then vertically etching to leave a sidewall spacer 301 in place. 
The anisotropic etching which forms the silicon nitride sidewall spacer 301 also etches through 
the silicon nitride etch stop layer 208. A subsequent masked anisotropic etching of the silicon 
dioxide 206 selective to silicon nitride 208, 301 and silicon reaches the single crystal silicon 
layer 202. The sidewall spacer 301 rests upon a portion of the etch stop layer 208. 

[0021] Turning now to FIG. 4, a exemplary wafer portion is illustrated after the formation of the 
silicon nitride sidewall spacer 301 . In step 1 04, the silicon layer 202 is etched, selective to 
silicon nitride, to reach the bottom oxide layer 204 and expose a first edge of silicon 202 
which will become a long side of the fin structure. Next, a gate oxide 401 is formed on the 
silicon 202 sidewall by forming a first, sacrificial oxide, wet-stripping it, and then forming the 
gate oxide 401 . The gate oxide 401 will ultimately become the insulator for the gate. 

[0022] As shown by example in FIG. 5 and according to step 1 06, an n+ polysilicon sidewall 

spacer 501 is formed over the gate oxide 401 , the etch stop layers 206 and 208 and silicon 
nitride spacer 301 upon the bottom oxide layer 204. The top of the n+ polysilicon spacer 501 
is formed below the level of the top of the silicon dioxide layer 212. The n+ polysilicon spacer 
501 will eventually become the gate. 

[0023] Turning now to FIG. 6 we see an example of the results of step 107. In step 107, a silicon 
nitride conformal coating 601 is formed over the bottom oxide 204, the mandrel layer 212, 
and the structures in between 301 501 . This layer 601 must have a thickness greater than the 
top of the mandrel layer 212 relative to the top of the bottom oxide 202. 

[0024] The conformal silicon nitride 601 is planarized, as shown in the example of FIG. 7, to 

below the top of the silicon dioxide mandrel layer 212 by chemical mechanical planarization 
(CMP) and reactive ion etch (RIE). The depth of planarization is not sufficient to expose the n+ 
polysilicon sidewall spacer 501 which becomes the gate electrode but does expose the original 
silicon nitride sidewall spacer 301 . 

[0025] 

Referring again to FIG. 7 to illustrate by example step 1 08, the portion of the silicon 
dioxide mandrel layer 212 exposed by planarization is vertically etched selective to silicon 
nitride 301 , 601 to the etch stop layer. The top etch stop layer 208 is vertically (anisotopically) 
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etched selective to silicon dioxide 206. The silicon dioxide etch stop layer 206 is 
anisotropically etched selective to silicon 202. The silicon layer 202, exclusive of the portion 
below the silicon nitride spacer 301 and the remnants of the etch stop layer 206, 208 is 
anisotropically etched selectively with respect to silicon nitride 301 , 601 . This process exposes 
a second edge of the transistor fin body 202, being a second long sidewall of the fin structure. 
Hereinafter, the single crystal silicon layer remnant 202 is the fin 202. 

[0026] As illustrated by example in FIG. 7, in step 1 10, a native oxide 701 is formed by atomic 

layer oxidation on the silicon 202 sidewall as a diffusion barrier 701. This formation can be by 
exposure to air or the oxidation can be compelled. The oxide layer 701 serves as a barrier to 
the diffusion of Boron from the yet -to-be-formed p+ polysilicon body contact 801 into the 
single crystal silicon 202 during subsequent annealing steps. 

[0027] In step 1 1 2, as shown in the example of FIG 8, a p+ polysilicon sidewall spacer 801 is 

formed against the second sidewall's native oxide layer 701 , the etch stop layers 206 208, the 
slilicon nitride sidewall spacer 30, and upon the bottom oxide layer 204. This sidewall spacer 
will become the body contact electrode 801 . The p+ polysilicon 801 can be doped before or 
after deposition. 

[0028] Turning now to the example of FIG. 9, in executing step 1 1 4, the remaining silicon nitride 
601 , 301 , 208 is etched selectively with respect to polysilicon 501 , 801 and silicon dioxide 
204, 206. The silicon nitride of the original sidewall spacer 301 and the silicon nitride of the 
etch stop layer 208 are etched away in this step. The silicon dioxide layer 206 of the etch stop 
layer remains on the top of the fin 202 to form an insulator 206 between the fin 202 and yet- 
to-be-formed bridge 1 501 . 

[0029] In step 1 1 5, as shown in the example of FIG. 1 0, an intrinsic polysilicon 1 001 is deposited 
and planarized to a level higher than the n+ and p+ polysilicon sidewall spacers 501 , 801 . The 
purpose of layer 1 001 is to provide a flat surface for a photolithography mask. 

[0030] In step 1 1 6, as shown in the example of FIG. 1 1 , a photo resist 1101 is added and 
patterned via photo lithography. Negative or positive photo resist may be used. This is 
preferably done using standard lithographic techniques, i.e, depositing and patterning a 
hardmask, and then using the patterned hardmask as an etch block during an etching of the 
exposed materials. 
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[0031] Continuing with step 116, the exposed portions of the photo resist 1 101 are etched as 
shown in the example of FIGS. 12. The polysilicon spacers 501 , 801 are etched to define the 
gate 501 length and body contact 801 length and to expose the fin body 202. The gate 501 
length should be greater than three times the thickness of the fin 202. FIG 12a shows a plan 
view of the device after etching the pattern through a photo resist 1 1 01 mask. In the 
augmented plan view, the gate 501 , gate insulator 401 , body contact 801 , intrinsic silicon 
1001 and the portion of the fin 202 between the gate 501 and the body contact 801 are shown 
in addition to the standard view. A standard top view would not reveal these features as they 
are covered by intrinsic silicon 1001 and photo resist 1 101 as shown in FIG 12b. The gate 501 
is shown as a hatched region in all three views. Two sectional views are defined. FIG 12b 
illustrates a vertical sectional view (A -A'), transverse to the fin's 202 long axis and through the 
polysilicon spacers 501 , 801 , after etching away the exposed intrinsic polysilicon 1 001 to 
provide side isolation regions. FIG 12c is an augmented vertical sectional view (B-B ! ) through 
the fin's 202 long axis also showing the polysilicon gate 501 and the unexposed photo resist 
1101. This view shows the result of etching the intrinsic silicon 1 001 , n+ polysilicon 501 , and 
p+ polysilicon 801 through a resist mask to define the side boundaries of the gate 501 and 
body contact 801 and to expose the fin body 202 outside of the side boundaries of gate 501 
and body contact 801 . The etching is anisotropic and selective against silicon dioxide to 
protect the fin 202 top insulator 206 and the bottom oxide 204. 

[0032] 

Turning to the example in FIGS. 1 3 in reference to step 1 1 8, the photo resist 1 1 01 is 
stripped away and ion implants are made in the source and drain end regions of the fin. FIG 
1 3a is an augmented plan view of the device showing the directions 1 301 for ion implantation. 
Gate 501 is shown as a hatched region in all three views. Two sectional views are defined. FIG. 
13b illustrates a vertical sectional view (A-A') transverse to the fin's 202 long axis and through 
the polysilicon spacers 501 , 801 and remaining intrinsic polysilicon 1001 . FIG. 13c is an 
augmented vertical sectional view (B-B') through the fin 202 and along its long axis showing 
the remaining intrinsic silicon 1001 and additionally showing the gate 501 which is behind the 
sectional plane. The exposed ends of the silicon fin 202 are doped using an ion implant 
technique from four angles, forty-five degrees from the fin axis. This produces uniformity of 
doping density. Arsenic ions are implanted for nFETs and Boron ions are implanted for pFETs. 
Those skilled in the art will appreciate that ion implantation can take place at any point in the 
process when a sidewall of the fin 202 is exposed, such as before the gate oxide 401 is formed 
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and before the diffusion barrier native oxide 701 is formed. 

[0033] In step 122, as illustrated in the example of FIGS. 14, sidewall spacers 1402 are added to 
the exposed portions of the fin 202. Sidewall spacers 1401 are added to the sides of the gate 
501 and body contact 801 , and to the intrinsic polysilicon mesa 1 001 which encloses the 
remaining portions of the gate 501 and the body contact 801. FIG. 14a is an augmented plan 
view of the device showing the addition of silicon nitride sidewall spacers 1 401 to the sides of 
the polysilicon electrodes and the sidewalls of the intrinsic polysilicon mesa. The sidewall 
spacers 1401 are shown cross hatched differently from the gate in all three views. Silicon 
nitride sidewall spacers 1402 cover the sides and ends of the fin. Because fin spacers 1402 and 
gate-side spacers 1401 are of different heights, there are multiple sub-steps within step 122 
to accomplish the result. Two sectional views of FIG 1 4a are defined. FIG. 1 4b is an augmented 
vertical section (A-A*) through the polysilicon gate 501 and body contact 801 and transverse to 
the long axis of the fin 202. Additionally, FIG 14b shows the sidewall spacers 1402 which are 
out of the sectional plane. The silicon nitride spacers 1401 , 1402 are formed by conformal 
deposition and anisotropic etching. The spacers are formed on each side of the gate 501 and 
body contact 801 and along the sidewalls of the intrinsic polysilicon 1001. FIG. 14c is an 
augmented vertical sectional view (B-B ! ) along the long axis of the fin 202 showing the 
remaining intrinsic silicon 1001 and the fin's 202 end spacers 1402. Additionally, FIG 14c 
shows the gate 501 and its side spacers 1401 which are not in the sectional plane. 

[0034] Turning to the example in FIGS. 1 5 to illustrate step 1 24, a metal silicide bridge 1 501 is 
formed on top of the intrinsic polysilicon mesa 1 001 . FIG. 1 5a is a plan view of the device 
showing a metal silicide bridge 1501 on the intrinsic silicon 1001, the sidewall spacers 1401 
and 1402, and the insulator 206 on top of the fin 202. In the preferred embodiment, the 
bridge is formed by deposition of cobalt and subsequent annealing to form cobalt silicide. The 
thickness of the cobalt layer is chosen to ensure that cobalt silicide forms to a depth sufficient 
to contact out-diffused n+ and p+ regions of intrinsic polysilicon above the n+ polysilicon 501 
and p+ polysilicon 801 spacers. This ensures good electrical contact between the gate and the 
body contact. Unreacted cobalt is selectively etched away to leave only cobalt silicide. FIG. 1 5b 
is a sectional view (A-A f ) showing the cobalt silicide bridge 1 501 being insulated from the fin 
202 by the oxide layer remnant 206 (not labeled) and further showing the connection between 
the gate 501 and the body contact 801 by the bridge 1 501 . FIG 1 5c is a vertical sectional view 
(B-B') along the long axis of the fin 202 showing the bridge 1 501 insulated from the fin 202 by 
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the oxide layer 206. 

[0035] Referring to the example in FIGS. 16 to illustrate step 126, the gate contact 1601, source 
contact 1602, and drain contact 1603 are formed. FIG 16a is a plan view of the device after 
contacts 1 601 -1 603 have been formed. FIG. 1 6b is a vertical section view (A-A f ) transverse to 
the long axis of the fin 202 and through the polysilicon structures 501 and 801 showing the 
contact 1 601 for the gate 501 . The contact is formed by deposition and planarization of an 
insulator (silicon dioxide) 1 61 0 on the device, etching of contact holes in the silicon dioxide 
into the cobalt silicide layer, and filling the etched holes with tungsten. FIG. 16c shows a 
vertical sectional view (B-B') along the long axis of the fin 202 with source and drain contacts 
1 602-1 603 but without showing the gate contact 1 601 , which is out of the sectional plane. 
The source and drain contacts 1602-1603 are formed by means similar to the means used to 
form the gate contact but there is no cobalt silicide on the source and drain regions of the fin 
202. The etching of the contact holes removes the portions of the fin's 202 silicon nitride 
sidewall spacers 1 402 that cover the source and drain regions. The contacts 1 602-1 603 
connect directly with the doped silicon source and drain regions of the fin 202. The source and 
drain contacts 1 602-1 603 may be formed at the same time as the gate contact 1 601 or as an 
additional step. 

[0036] Following the creation of the contacts, metalization follows to form interconnects to other 
transistors (not shown). 

[0037] 

The preferred embodiment of the present invention was implemented using a fin type 
structure 202. The fin-based DT CMOS FET featured a long, thin semiconductor body 202 
vertically disposed on a substrate, also known as a fin 202. Vertical orientation of the fin 
reduced the planar area occupied by the DT CMOS FET on the chip. On this fin structure 202, 
the gate 501 was formed on one long side of the body 202, and the body contact 801 was 
formed on the opposite long side of the body 202, with the fin 202 disposed horizontally 
between the gate 501 and the body contact 801 . The gate 501 and the body contact 801 were 
electrically connected by a bridge 1 501 over the body 202. Because the body 202 is thin 
between the gate 501 and the body contact 801 , the bridge 1 501 provided a short, low 
resistance path. The thin fin 202 body also reduced body-to-source/drain capacitance. The 
ends of the fin 202, outside of the region of the gate 501 and body contact 801 , were 
appropriately doped to provide source and drain regions. The preferred method for forming 
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these DT CMOS FETs allowed the gate 501 length of the device to have minimum feature size, 
while allowing the thickness of the fin 202 to be much less than the gate 501 length, 
preferably less than one-third of the gate length. The preferred method for forming the DT 
CMOS FET was accomplished by using an image enhancement technique, sidewall image 
transfer, to define the thickness of the transistor body 202, allowing it to be reliably formed at 
sub minimum feature size. 

[0038] While the invention has been particularly shown and described with reference to an 

exemplary embodiment using a fin type dynamic threshold field effect transistor, those skilled 
in the art will recognize that the preferred embodiment can be applied to other types of DT 
CMOS FETs, and that changes in implementation details may be made therein without 
departing from the spirit and scope of the invention. For example, it will also be understood by 
those skilled in the art that the invention is applicable to other techniques (other than the fin- 
based techniques described) for forming thin semiconductor bodies (e.g. V-grooves), as well 
to different isolation technologies (e.g., LOCOS, recessed oxide (ROX), etc.), dopant types, 
energies, and species. It will also be understood that the spirit of the invention is applicable to 
a variety of semiconductor technologies (e.g., BiCMOS, bipolar, silicon on insulator (SOi), 
silicon germanium (SiGe). 
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